Plasmonic nanoscale devices/structures have gained more attention from researchers due to their promising functions and/or applications. One important technical focus on this rapidly growing optical device technology is how to precisely control and fabricate nanostructures for different functions or applications (i.e., patterning end points should locate at/near the interface while fabricating these plasmonic nanostructures), which needs a systematic methodology for nanoscale machining, patterning, and fabrication when using the versatile nanoprecision tool focused ion beam (FIB), that is, the FIB-assisted interface detection for fabricating functional plasmonic nanostructures. Accordingly, in this work, the FIB-assisted interface detection was proposed and then successfully carried out using the sample-absorbed current as the detection signal, and the real-time patterning depth control for plasmonic structure fabrication was achieved via controlling machining time. Besides, quantitative models for the sampleabsorbed currents and the ion beam current were also established. In addition, some nanostructures for localized surface plasmon resonance biosensing applications were developed based on the proposed interface detection methodology for FIB nanofabrication of functional plasmonic nanostructures. It was shown that the achieved methodology can be conveniently used for real-time control and precise fabrication of different functional plasmonic nanostructures with different geometries and dimensions.
Introduction
Some methods and systems, for example, nanoimprinting lithography [1, 2] , electron beam lithography [3] [4] [5] , etching (reactive ion etching and dry etching) [6] [7] [8] [9] [10] , femtosecond laser [11] , interference lithography [12] , and focused ion beam (FIB) [13] [14] [15] [16] , have been reported to develop optical structures or devices (e.g., specific functional plasmonic nanostructures). Compared with these reported methods and systems, despite the potential drawbacks of surface damage caused by high-energy ion beam irradiation and relatively limited processing speed for large-area high-density structural patterns [6, 13] , the FIB has its strength in onestep maskless simpler, more flexible, and better-controlled nanoprecision machining, patterning, and fabrication especially for submicron, nanoscale, or subwavelength various functional samples or structures via ion beam induced milling, etching, and deposition due to its advantages of large depth of focus, high resolution, patterning flexibility, and direct-writing capability [6, [13] [14] [15] [16] [17] . The FIB system has been widely used in the fields of semiconductor, microand nanoelectronics including integrated-circuit modification and failure analysis, mask repairing, sample preparation for transmission electron microscopy (TEM), biomedicine, and micromachining [18] . Recently, the FIB nanoprecision machining, patterning, and fabrication for specific nanoscale applications have attracted more interest to realize more diversity for nanoconstruction [6, [13] [14] [15] [16] 19] .
Some metals (e.g., Au, Ag, and Cu) can be deposited on the dielectric substrate (e.g., SiO 2 ) to develop different functional plasmonic structures/devices, which have gained more and more attention from the researchers due to their promising functions and/or applications because the interface between metal coating and dielectric substrate may support surface plasmon polaritons (SPPs) [20] [21] [22] . Accordingly, the patterning end points should locate at or near the interface while fabricating/developing these plasmonic structures/devices, which requires the interface detection to realize real-time patterning control and precise structure fabrication. However, this rapidly growing optical device technology requires a systematic methodology to precisely control and fabricate the designed nanoscale devices or structures for various industrial and commercial applications even while using the advanced nanoprecision tool FIB. Thus, it is necessary to carry out a systematic study on the FIBassisted interface detection for nanofabrication of different functional plasmonic nanostructures. Moreover, the rapidly growing applications of FIB in the field of nanomachining, nanopatterning, or nanofabrication especially for the plasmonic device development also require the capability to reliably detect the interfaces between different material layered structures, that is, the end point detection (EPD) for the accurate transition signal from one layer to the next [23, 24] . The EPD technique allowed interaction of ions with sample surface to be monitored through a plot of stage grounding current as a function of ion milling time [25] .
During ion milling, the sample-absorbed current, which depends on the beam current and the material-dependent number of the generated secondary electrons and ions, flows to the ground if the specimen is grounded, and it linearly increases with the beam current for the same material and changes with materials for the same beam current used [23, 24] . Because different materials have different characteristic secondary ion yields, it is possible to distinguish the interfaces between different material layers [26] . Thus, various materials can be identified while milling the multilayered structure made up of different materials via monitoring the current flow to the ground and then providing indications of the end points [23, 24, [26] [27] [28] [29] [30] .
For the plasmonic or multilayered nanostructures, it is important to know whether nanopatterns are formed at or near the interface between different material layers [27] . The end point monitor (EPM) in the FIB system may solve this problem by measuring the sample-absorbed current during the machining process, and the sudden current alteration indicates machining transition from one material layer to another [23, 24, [26] [27] [28] [29] [30] . The EPM-detected current signal alters as various material layers for a complex specimen are exposed for removal via the ion beam, and it can be real-time monitored (sample-absorbed current may be continuously monitored during FIB machining or fabrication process through connecting the sample to an electrometer amplifier, and the endpoint detection can be achieved via the detected current signal curve based on the real-time monitor) [23] [24] [25] . The real-time EPM current signal curve presents the sampleabsorbed current as a function of the machining time [23] .
Among the functional plasmonic nanoscale structures or devices, the plasmonic nanobiosensors based on the localized surface plasmon resonance (LSPR) have become more and more important/interesting resulting from their promising functions and wide applications. The LSPR is sensitive to geometric parameters [31] . It is reported that many similar plasmonic nanohole/particle structures (e.g., the rhombic hybrid Au-Ag nanostructures [31] , the nanohole array on a Au-deposited glass substrate [32] , the Au/Ag nanoparticles [19] , the square nanohole array [33] , and nanostars [34] ) have been applied for LSPR biosensing (e.g., a plasmonic square nanohole array can be used for the realtime sensing/monitoring of protein-protein specific binding interaction using a LSPR nanohole sensor integrated with microfluidic delivery, and the sensitivity of this nanohole sensor depended on the periodicity of the array and the order of the surface plasmon resonance modes) [19, [31] [32] [33] [34] [35] , and they have been applied for sensing of localized transmission/reflection field intensity distribution [32] , refractive index (e.g., sensing of the analytes of glucose water solutions with refractive indexes ranging from 1 to 1.38) [31, 34] , and optical spectra (e.g., scattering spectra) [33, 34] , and so forth.
So far, few literatures regarding investigation for the interface between different materials during FIB machining or fabrication process have been found, without mentioning the investigation of the interface detection between different materials during FIB machining for nanofabricating the functional plasmonic nanostructures. Different from the previous work regarding the interface detection using the EPD technique, this work has proposed and achieved a systematic methodology and detailed analysis regarding the interface detection for FIB nanofabrication of functional plasmonic nanostructures for biosensing applications through real-time patterning control using the EPM.
Materials and Methods
The specimen used consists of a quartz substrate and a very thin silver film layer deposited on the substrate. Figure 1 shows the sketch for the FIB nanomachining, and the material can be removed layer by layer using the high energetic bombarding ions from the focused ion beam. As shown in Figure 2 , the EPM in the FIB system, which collects the specimen-absorbed current as the EPD signal through a real-time monitor and an EPM plot (the sample inside the chamber of FIB system is connected to an electrometer amplifier to monitor the real-time current signal), was used to detect the sample-absorbed current signal for the interface detection assisted by the FIB cross sectioning. Using the EPD technique, the real-time patterning depth control for the plasmonic structure fabrication can be achieved via controlling machining time using the EPM. Table 1 gives the parameters used for the Ag/SiO 2 interface detection.
As shown in Table 1 , the defined milling area for the EPM-assisted current signal detection should be relatively large if the machining efficiency is allowed, and 15 m by 15 m is selected for a better EPM control (Figure 2 ). Besides, a relatively high ion beam current (e.g., 0.3 nA) is used to obtain a strong detection signal and increase nanomachining efficiency. Accordingly, the machining time control has been achieved via interface detection using an ion beam current of 0.3 nA, and the ion doses used can be also obtained through the following: 
where is the angle between the normal line of the sample surface and the axis of the ion beam ( can alter when the sample stage tilts). If patterning at or near an interface for a very thin film layer occurs, the ion beam current should be smaller to avoid seriously damaging the film layer surface or the adjacent area. Thus, in this work, the real-time sputtering depth control for the FIB-based actual nanopatterning can be achieved simply and conveniently just through calculation and transformation into sputtering time via selecting a small ion beam current (e.g., 10-100 pA) and calculating the required milling area given a normal incident angle of the ion beam (i.e., = 0 ∘ ) together with the other fixed milling parameters (e.g., overlap and dwell time). Consequently, a better control for the actual nanostructure fabrication can be achieved using this method assisted by the scanning electron microscopy (SEM) and atomic force microscopy (AFM) measurements.
FIB-Assisted Interface Detection
It is necessary to measure the thin film thickness and detect the interface between film layer and substrate in order to control patterning formation at/near the interface via the EPM control of the required milling time which may be calculated through the required ion dose. However, it is difficult to measure the film thickness by traditional methods (e.g., optical method based on thin film interference using fiber optics coupled microscope, AFM, ultrasonic pulse-echo technique of ultrasonic gages for measuring the thickness of coatings on nonmetal substrates, etc.) if the deposited film is too thin (e.g., for the cases less than 100 nm thick). Thus, in this work, the EPM current curve was used as the end point detection signal (i.e., the abrupt transition point of the detected signal curve for the sample-absorbed current versus the milling time during the milling process) to obtain the required ion dose and milling time for the interface detection. The operation procedures related to FIB cross sectioning include rectangle milling, regular cross section, cleaning cross section, and measurement for thin film thickness via SEM imaging for the interface cross section. Figure 3 shows the Ag/substrate interface cross section detected using the FIB/SEM dual beam system. As shown in Figure 3 , the sidewalls of the milled zones are approximately V-shaped due to the Gaussian beam and the redeposition of the sputtered material debris on the sidewalls (the V-shape sidewall formation after FIB milling can be also verified in Figure 4 ), and the thickness of the Ag film deposited on the glass substrate is around 132 nm.
As shown in Figure 5 , there are 9 raster passes in all: the first pass is for sputtering the oxide layer and silver film (see Figure 5(a) ); the second pass is for milling transition from Ag film to SiO 2 substrate (see Figure 5(b)) ; the left passes, as shown in Figure 5 (c), are used to mill deep into SiO 2 substrate. Time used for sputtering oxide layer is 3 s. Milling stops in the deposited film material from 3 s to 85 s; at 85 s (ion dose used is 7.07 × 10 16 ions cm −2 ), milling just occurs at the Ag/SiO 2 interface boundary, that is, just starting to sputter the substrate material; subsequently, milling occurs in both Ag layer and SiO 2 substrate until 163 s, which is a transition process from film machining to substrate machining. Almost all film material is removed at 163 s when a relatively clean interface (a clean plane interface could be theoretically achieved at this moment if under ideal conditions; however, in this case, the film layer subjected to ion beam irradiation was not absolutely removed evenly, resulting in some nanoscale residues at the Ag/SiO 2 interface) between the film layer and the substrate is obtained (Figure 6) . Afterwards, as shown in Figure 5 , milling continues to occur deep into the substrate until 745 s (ion dose used is 6.20 × 10 17 ions cm −2 ). As shown in Figure 6 , the deposited film material was not completely sputtered at the "exact" interface; that is, some silver residues may remain at the interface (it should be indicated that the reported EPD accuracy is in the range of a few tens of nanometers which results from the complex interfacial mixing with the ion bombardment depending on beam energy, material properties, crystallographic orientation, substrate surface roughness, and quality of deposited thin films, etc. [23, 24] ). Thus, the machining end point could be normally below the "exact" interface to completely sputter the deposited film material. As a result, the sampleabsorbed current drops due to dielectric substrate machining (see Figure 5(c) ).
Material-Dependent Currents Measured during Interface Detection
Material-dependent currents in Table 2 are measured via the EPM signal curves. The detected substrate-absorbed current is equal to the ion beam current used, and the strength of sample-absorbed current signal increases with the ion flux. Under the same machining conditions, compared with the Ag-absorbed current signal, the Ag 2 O-absorbed current signal is the strongest and the SiO 2 -absorbed current signal is the weakest, resulting from different material-dependent average atomic numbers (material with higher average atomic number can emit more secondary ions/electrons; the atomic numbers for Ag 2 O, Ag, and SiO 2 are 232, 108, and 60, resp.), material conductivity, and material sputtering yield for the secondary ions (sputtering yield = ejected atom number/incident ion number, i.e., = / , where is the density (atoms cm −3 ), is the sputtering depth (cm), and is the ion dose (ions cm −2 )). The detected current signal ratios for Oxide / Film and Substrate / Film are approximately constant (Table 3) despite encountering significant changes of ion fluxes and ion beam currents, which actually indicates that the materialdependent current signal ratio detected via the EPM is independent of processing conditions.
The quantitative correlation between the sampleabsorbed current and the ion beam current can be approximately expressed as a linear function for the same material which is given as
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Cross section deep into the substrate 5 m Figure 6 : The interface detected using FIB/SEM dual beam system after FIB milling 163 s. where and denote the coefficients for electrons and ions, respectively, and = 1 + − . The values of for Ag oxide, Ag film, and SiO 2 substrate can be determined through the detected sample-absorbed currents (Tables 2 and 4 ). Table 5 lists the average values  of for Ag oxide, Ag film, and SiO 2 substrate, which is achieved through the data in Table 4 . Thus, for the case of FIB milling the quartz substrate with the deposited Ag film, the quantitative expressions for the sample-absorbed currents and ion beam current can be given as 
Plasmonic Nanostructure Development Based on Interface Detection
The successful detection for the interface between coated metal and dielectric substrate is important to the next step to fabricate functional plasmonic structures, and the real-time patterning depth control of functional plasmonic structure fabrication using relatively small ion beam currents has also been achieved through controlling milling time when the ion dose for fabricating the plasmonic structure is obtained after the interface detection; that is, through interface detection for the Ag-deposited substrate with a multilayer structure, the end point detection technique can be further employed to achieve the real-time control of the patterning depth via controlling the ion dose or milling time during the process of plasmonic structure fabrication. Accordingly, the patterning geometries and dimensions can be changed after determining the ion dose required for patterning at or near the interface via interface detection for the Ag-coated substrate with a multilayer structure based on (1).
As shown in Figures 7 and 8 , some Ag-coated plasmonic nanostructures have been fabricated and measured using the FIB/SEM system and AFM based on the achieved methodology of the interface detection for FIB nanofabrication of the plasmonic structures, including nanoscale pentagram hole/particle arrays and square nanohole arrays. The primary concern for FIB nanofabrication of these plasmonic structures is the precise dimension and patterning control for fabricating the nanoscale hole/particle arrays; for example, the concern for angle fabrication requires high machining resolution and small beam spot diameter, which requires relatively small ion beam currents (e.g., 10-50 pA) although the fabrication efficiency is low. In addition, the AFM-measured depth of the fabricated nanoholes is around 135 nm (Figure 7) , which nearly agrees with the film thickness 132 nm measured through the interface detection (Figure 3 ), demonstrating the feasibility and reliability of the achieved methodology for the real-time precise patterning depth control during the plasmonic nanostructure fabrication process based on the FIB-assisted interface detection.
The developed nanoscale hole/particle arrays can find potential plasmonic device applications (e.g., biosensors) through detecting the LSPR signals of the optical field intensity distribution, optical spectra, and/or refractive indices for the analytes via transmission and/or reflection mode sensing [32, [36] [37] [38] [39] [40] [41] [42] . It is reported that the plasmonic pentagram nanoholes can significantly enhance transmission and Efield, and the plasmonic pentagram nanohole array can enhance the LSPR. Thus, the plasmonic pentagram nanoholes have potential applications in the fields of imaging, focusing, and biosensing [41] . Figure 9 is a schematic example to illustrate the application for transmission mode sensing using a plasmonic nanohole array, where the transmitted optical field intensity for the analytes can be detected by the scanning near-field optical microscope (SNOM) tip for the sensing signal. The transmission (reflection) mode means that the light illuminates the plasmonic structure from the substrate (analyte) side, and the detection is at the analyte side. 
Conclusion
The FIB-assisted interface detection was proposed and successfully carried out using the sample-absorbed current as the detection signal, and the patterning depth control for the plasmonic structure fabrication was achieved through controlling machining time or ion dose using the EPM. Materialdependent currents were measured through the EPM signal curves, and the quantitative models for the sample-absorbed currents and the ion beam current were also developed. The functional plasmonic nanostructures (pentagram nanoscale hole/particle arrays and square nanohole arrays for the potential LSPR biosensing applications) were fabricated and measured based on the achieved systematic methodology of the interface detection for FIB nanofabrication of patterned nanostructures for potential plasmonic device applications (e.g., LSPR biosensors). It was shown that the proposed methodology on the FIB-assisted interface detection can be conveniently used for the real-time control and precise fabrication of different functional plasmonic nanostructures with different geometries and dimensions.
